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We study several effects which lead to symmetry-broken momentum distributions of quantum
gases released from optical lattices. In particular, we demonstrate that interaction within the first
milliseconds of the time-of-flight expansion can strongly alter the measurement of the initial atomic
momentum distribution. For bosonic mixtures in state-dependent lattices, inter-species scattering
processes lead to a symmetry breaking in momentum space. The underlying mechanism is identified
to be diffraction of the matter wave from the total density lattice, which gives rise to a time-
dependent interaction potential. Our findings are of fundamental relevance for the interpretation
of time-of-flight measurements and for the study of exotic quantum phases such as the twisted
superfluid. Beyond that, the observed matter-wave diffraction can also be used as an interferometric
probe. In addition, we report on diffraction from the state-dependent standing light field, which leads
to the same symmetry-broken momentum distributions, even for single component condensates.
PACS numbers: 03.75.Lm, 03.75.Mn, 37.10.Jk, 67.85.Hj
I. INTRODUCTION
Ultracold atoms in optical lattices developed to an in-
tense field of research for new quantum many-body sys-
tems as well as model systems with strong connections to
condensed matter physics [1, 2]. Optical lattices them-
selves constitute a very powerful and versatile tool: the
intensity modulation resulting from the interference of
far-detuned laser beams allows for various lattice geome-
tries as for instance triangular, honeycomb or kagome [3–
7]. In addition, a selective trapping of specific internal
states of one atomic species can be achieved taking ad-
vantage of the polarization modulation of the light field.
In these so-called state-dependent lattices controlled col-
lisions [8], quantum walks [9] or 2D arrays of double wells
[10] have been investigated, to name only a few examples.
A pure polarization modulation of the light field realizes
exotic mixtures where only one of two constituents is
trapped by the lattice potential [11].
While single-site and single-atom resolved detection is
now possible in optical lattices [12–16], most experiments
to date rely on measurements after time-of-flight. During
time-of-flight the atomic ensemble undergoes a ballistic
expansion which allows retrieving its momentum distri-
bution. When the coherence length is large compared to
the lattice spacing, the momentum distribution of ultra-
cold bosonic atoms is expected to show a sharp interfer-
ence pattern with the same symmetry as the reciprocal
lattice [17, 18].
In this paper we discuss different mechanisms leading
to momentum distributions that break the symmetry of
the reciprocal lattice. This symmetry breaking can ei-
ther indicate exotic quantum phases with a complex or-
der parameter [19] or result from redistribution processes
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between different momentum states. As a central re-
sult we demonstrate that scattering processes during the
time-of-flight expansion can alter the initial momentum
distribution much stronger than anticipated so far. Our
experimental studies are performed in a state-dependent
honeycomb optical lattice [5] but are relevant for all lat-
tices with multi-atomic basis. Scattering processes due to
the short-range atomic interactions are usually neglected
for the description of the time-of-flight expansion [20].
However as reported in Ref. [21], such processes can give
rise to four-wave mixing of a two-component matter wave
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FIG. 1. State-dependent optical honeycomb potential. (a)
Illustration of the three-beam setup for the generation of the
state-dependent honeycomb potential. All three beams are
linearly polarized along the lattice plane. The quantization
axis is defined by a magnetic field B perpendicular to the
lattice plane. (b) Resulting potential for an atom with mF =
0 and alternating circular polarization pattern (inset). (c)
Resulting lattice geometries for atoms in the state-dependent
lattice for different hyperfine states of 87Rb. Atoms with non-
vanishing magnetic quantum numbers are trapped in one of
the two triangular sublattices denoted A and B.
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FIG. 2. Symmetry breaking in momentum space. (a) Momentum distribution of |1,−1〉 atoms in the state-dependent honey-
comb lattice retrieved from resonant absorption imaging. The superfluid (SC) and triangular (TC) contrast, which quantify
respectively the coherence of the superfluid and the reduced three-fold symmetry of the momentum distribution, are reported
for different lattice depths V0 and V⊥. (b) For a 1:1 mixture of |1,−1〉 and |2,−2〉 atoms, the momentum distribution of each
hyperfine state shows a reduced three-fold symmetry. The triangular contrast, opposite for the two states, is reported for
different lattice depths V0 and V⊥. (c) For a 1:1 mixture of |1, 0〉 and |2, 0〉 atoms, the momentum distribution of the |2, 0〉
atoms is six-fold symmetric as the triangular contrast vanishes for all lattice depths.
corresponding to a large redistribution between momen-
tum states. In optical lattices, as the scattering processes
have the same symmetry as the reciprocal lattice, they
average out and the initial momentum distribution re-
mains unaffected.
In section III, we demonstrate that this situation
changes drastically for two-component bosonic atoms lo-
calized on different sublattices. For a state-dependent
optical honeycomb lattice, the momentum distribution
measured after time-of-flight breaks the inversion sym-
metry of the reciprocal lattice. This striking effect results
from a redistribution of the atoms between different mo-
mentum states induced by inter-species scattering events
during the first milliseconds of the time-of-flight expan-
sion. The relevance of these results for the observation
of the twisted superfluid phase is discussed in section IV.
Such a redistribution between different momenta is
also known to occur when a matter wave diffracts from
a standing light field [22]. As reported in section V, this
single-particle effect may as well give rise to symmetry-
broken momentum distributions in the case of a state-
dependent light potential.
II. STATE-DEPENDENT HONEYCOMB
POTENTIAL
The state-dependent honeycomb lattice is generated
by three running-wave laser beams that intersect in the
xy-plane under angles of 120◦ with an in-plane align-
ment of the linear polarization vectors as illustrated in
Figure 1(a) [3, 4, 23]. This orientation of the polariza-
tion vectors gives rise to an alternating pattern of circu-
lar polarization in the resulting light field [see Fig. 1(b)]
which stems from the projection of the oscillating elec-
tric field onto the quantization axis, defined by a homoge-
neous magnetic field along z. For 87Rb atoms and a laser
wavelength of λL = 830 nm, used in the experiment, the
detuning relative to the atomic transitions still is on the
order of the fine structure splitting. In addition to the
intensity modulation of the resulting light field, this cir-
cumstance gives rise to a reasonably strong polarization-
induced Stark shift of the magnetic Zeeman substates
|F,mF 〉. The total optical potential can be expressed as a
sum of a state-independent Vint(r) and a state-dependent
part Vpol(r):
V (r) = −V0
[
Vint(r) + Vpol(r)
]
. (1)
Here, V0 denotes the corresponding lattice depth created
for two equivalent counter-propagating laser beams (see
Appendix A for more details). It is commonly given in
units of the recoil energy ER = h
2/(2Mλ2L), where h is
the Planck constant and M the atomic mass of 87Rb.
Hence, for magnetic quantum numbers different from
zero, the alternating pattern of circular polarizations
breaks the inversion symmetry of the honeycomb lat-
tice: the potential energy of one of the two triangular
sublattices A and B is lifted while the other one is low-
ered [compare Fig. 1(c)]. Whether an atom in a hyper-
fine state |F,mF 〉 is predominantly confined at a lattice
site with σ+ or σ− polarization depends on the sign of
its magnetic quantum number and the respective Lande´
factor gF . Accordingly, an atom in the hyperfine state
|1,−1〉 experiences the same potential as an atom in the
state |2,+1〉 and both are mainly trapped in the same
sublattice.
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FIG. 3. Interactions in time-of-flight. (a) Experimental procedure. The 1:1 mixture of |1,−1〉 and |2,−2〉 atoms is adiabatically
loaded in a three-dimensional lattice with final potential depths V0 and V⊥. A resonant light pulse of tp = 100µs expels the
|2,−2〉 at a time t1 during the time-of-flight expansion. The momentum distribution of the remaining |1,−1〉 is imaged after
a time-of-flight of tTOF = 27 ms. (b) Triangular contrast measured for t1 = 0 ms (left) and 18 ms (right) for different lattice
depths V0 and V⊥. (c) Classical model depicting the scattering processes for two different reciprocal lattice vectors, where
ts denotes the time before the first scattering event takes place. (d) Triangular contrast of the momentum distribution as a
function of the expelling time t1 for fixed lattice depths V0 = 0.91ER and V⊥ = 0ER. (e) Evolution of superfluid (top panel)
and triangular contrast (bottom panel) during the first millisecond of the time-of-flight expansion [corresponding to the gray
shaded area in (d)]. Data is shown for a shallow crossed dipole trap (XDT) with trap frequencies of νXDT = (48, 20, 20) Hz with
N = (2.00± 0.50)×105 atoms (circles) and and a deep dipole trap at νXDT = (120, 50, 50) Hz with N = (1.00± 0.25)×105
atoms (triangles). Error bars represent the standard error of the mean of at least three observations. The numerical results
(thick solid lines and filled areas) shown in (d) and (e) exhibit good agreement with the experimental data.
III. IMPACT OF SCATTERING IN
TIME-OF-FLIGHT
In this section, we report on the symmetry breaking in
momentum space occurring for specific mixtures of hy-
perfine states in the state-dependent honeycomb lattice.
For quantum gas experiments, it is usually assumed that
the first order correlations determine the structure factor
of the lattice, which in turn determines the atomic mo-
mentum distribution after time-of-flight [17, 18]. Here
we demonstrate that this mapping has to be revised for
lattices with multi-atomic basis as scattering processes
during the early stages of time-of-flight expansion may
strongly alter the outcome of such observations.
As shown in Figure 2(a) for atoms in the magnetic
hyperfine state |1,−1〉, all first-order interference peaks
have the same amplitude. Indeed, when the coherence
length is large compared to the lattice spacing, the mo-
mentum distribution shows a sharp interference pattern
with the same six-fold rotational symmetry as the recip-
rocal lattice. The interference pattern is often character-
ized by its visibility or superfluid contrast, which is re-
ported in Figure 2(a) as a function of the potential depths
V0 and V⊥ of the state-dependent honeycomb lattice and
an additional 1D lattice respectively.
For mixtures of different hyperfine states, the momen-
tum distribution observed after time-of-flight reveals new
features, which strongly depend on the magnetic states
involved. Figure 2(b) shows the momentum distributions
for a 1:1 mixture of |1,−1〉 and |2,−2〉 atoms, which are
localized on the two complementary triangular sublat-
tices A and B respectively. These momentum distribu-
tions, obtained after applying a Stern-Gerlach field in
order to separate the two components, reveal a striking
symmetry breaking in momentum space, which appears
as an alternating pattern in the first-order diffraction
peaks. A quantitative measure of this reduced three-
fold rotational symmetry is given by the triangular con-
trast [see Fig. 2(a)], which is opposite for the two hyper-
fine states at hand. This triangular contrast has been
systematically measured for different lattice depths V⊥
and V0 as reported in Figure 2(b). The observed symme-
try breaking is a very robust effect occurring for lattice
depths at which the superfluid contrast of the momen-
tum distribution is non-zero. However for a 1:1 mixture
of non-magnetic hyperfine states |1, 0〉 and |2, 0〉, delo-
calized on a honeycomb lattice, the six fold symmetry
of the momentum distribution is preserved as the trian-
gular contrast vanishes for all lattice depths V⊥ and V0
[compare Fig. 2(c)]. Note that here, only the |2, 0〉 atoms
have been imaged by omitting the repumping light as a
separation by a Stern-Gerlach field is not possible.
As we show in the following, this symmetry breaking in
momentum space results from inter-species scattering oc-
curring at the beginning of the time-of-flight expansion.
Hyperfine states with opposite gFmF populate different
sublattices of the state-dependent honeycomb lattice and
their density distribution forms an interaction induced
lattice from which they diffract. The scattering processes
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FIG. 4. Matter-wave diffraction in time-of-flight. Calculated
density distribution of the |1,−1〉 atoms obtained by solv-
ing the time-dependent Gross-Pitaevskii equation during the
time-of-flight expansion in presence of the |2,−2〉 atoms for
three different times t1/tsep = 0, 0.5 and 1.0 (bottom panel)
in units of the separation time tsep after which the atomic
clouds corresponding to different momentum states are sepa-
rated. The re-scaled central densities are shown in inset (top
panel).
for each atom strongly depend on its momentum as illus-
trated in Figure 3(c): after a fixed expansion time, an
atom on sublattice A (red) may have encountered up to
1/3 more lattice sites along the reciprocal vector b1 than
along b2. For atoms localized on the sublattice B (blue),
this effect is inverted. This simplified picture evidences
how momentum-dependent scattering leads to a redis-
tribution of the atoms between the different diffracted
orders and induces the triangular contrast in the mo-
mentum distribution. This redistribution decays in time
as the diffracted atomic clouds separate spatially. This
occurs within the separation time tsep ≈ 2.7 ms for our
parameters (see Appendix B).
To investigate the impact of the inter-species scattering
on the mixture of |1,−1〉 and |2,−2〉 atoms, the |2,−2〉
component is removed at different times t1 [see Fig. 3(a)].
The triangular contrast of the remaining species is again
analyzed for different lattice depths V⊥ and V0 as de-
picted in Figure 3(b). The symmetry breaking only ap-
pears if the second component is present during time-of-
flight. The contrast then increases with the time the sec-
ond component is present during time-of-flight. Indeed,
when the resonant light pulse is applied at the start of
the time-of-flight expansion (t1 = 0 ms), the six-fold sym-
metry in momentum space is restored. For t1 = 18 ms, a
non-vanishing triangular contrast is measured, in agree-
ment with the data presented in Figure 2(b).
As reported in Figure 3(d) the triangular contrast of
the |1,−1〉 atoms indeed increases from zero to its final
amplitude within the first 1.2 ms of the time-of-flight ex-
pansion due to the presence of the |2,−2〉 atoms with a
pronounced maximum at almost double the final value.
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FIG. 5. Calculated evolution of the triangular contrast in de-
pendence of the expansion time t1 for 1:1 mixtures of |1,−1〉
with different |2,mF 〉 states as shown in the plot. Solid
lines and filled areas correspond to calculations for parti-
cle numbers of N = (2.00± 0.5)×105 at lattice depths of
V0 = 0.91ER and V⊥ = 0ER.
The time evolution of the superfluid and triangular con-
trast during the first milliseconds of the time-of-flight
expansion has been measured for different atomic densi-
ties obtained by varying the strength of the overall har-
monic confinement as shown in Figure 3(e). Experimen-
tal data of the triangular contrast are in excellent agree-
ment with numerical simulations of the time-dependent
Gross-Pitaevskii equation describing the time-of-flight
expansion in analogy to Ref. [21] (see Appendix B). Con-
trary to the behavior of the triangular contrast, the su-
perfluid contrast remains at a constant value which rules
out possible heating processes induced by the resonant
light pulse used to remove the second component.
Figure 4 shows the calculated evolution of the density
distribution of the |1,−1〉 atoms at the beginning of the
time-of-flight expansion. Atoms are redistributed among
the different momentum states by diffraction on the in-
teraction induced lattice. In addition to the emerging
triangular contrast of the diffraction peaks, the structure
of the diffraction peaks itself is strongly altered by the
scattering processes and displays in space the oscillatory
behavior observed for the triangular contrast over time.
Together with the initially elliptic density profile of the
atomic cloud that is elongated along the x direction the
resulting density distribution is symmetric only with re-
spect to the x-axis.
Beyond the specific case of a mixture of |1,−1〉 and
|2,−2〉 atoms, numerical results of the triangular con-
trast of the |1,−1〉 state with respect to the expansion
time t1 are shown for various other 1:1 mixtures of |1,−1〉
with different |2,mF 〉 states in Fig. 5 [note that the re-
sults for the |2,−2〉 component are the same as shown
in Fig. 3(d) and 3(e) without re-scaling of the total am-
plitude]. The strong oscillatory behavior of the trian-
gular contrast that can be observed for mixtures with
5|2, 0〉, |2,+1〉, and |2,+2〉 components stems from the
re-distribution of atoms from A to B sites (and vice
versa) on the timescale of the scattering time ts [compare
Fig. 3(c)]. Remarkably, even mixtures that are predomi-
nantly located at the same sublattice exhibit distinct dy-
namics of the triangular contrast. Moreover, the |1,−1〉
and |2,+1〉 mixture in fact represents the behavior of
a single-species since the potential is the same for both
components. While the resulting amplitude of the tri-
angular contrast is comparatively small, this observation
implies that matter-wave diffraction in the early stages
of time-of-flight expansion cannot be neglected even for
single-component experiments trapped in lattice struc-
tures with multi-atomic basis.
In this section, we have shown that for bosonic mix-
tures interaction strongly alters the momentum distribu-
tion measured after time-of-flight. The localization of the
two components on different sublattices induces an asym-
metry in the scattering processes occurring during the
first millisecond of the time-of-flight expansion, yielding
a symmetry-broken momentum distribution. Strikingly,
each atom scatters at least once during the expansion.
However, it is still possible to retrieve the unperturbed
momentum distribution if one of the two components is
removed right before the expansion starts or by eliminat-
ing interactions by using Feshbach resonances.
IV. TWISTED SUPERFLUID PHASE
A symmetry breaking in momentum space can also
be attributed to a complex-valued superfluid order pa-
rameter as realized in a twisted superfluid phase [19].
Thereby the phase of the superfluid order parameter is
twisting between neighboring sites i and j as illustrated
in Figure 4(a), causing a symmetry-broken momentum
distribution for this state in the optical lattice [24]. For
two components, opposite triangular pattern in momen-
tum space are expected due the opposite orientation of
the complex order parameter (−θ and θ).
However, in order to retrieve the momentum distri-
bution of the twisted superfluid phase, the time-of-flight
expansion should not be affected by interaction effects
as described in the previous section. In the measure-
ments presented in Figure 3(b), where one component is
removed at the beginning of the time-of-flight, the van-
ishing triangular contrast indicates a normal superfluid
phase in the investigated parameter space. Furthermore,
the observation of a specific orientation of the triangu-
lar pattern for each species reported in [19] can also be
explained by scattering between the two species during
time-of-flight. So far, this was standing in contradiction
to the theoretical description as the twisted superfluid
phase is two-fold degenerate associated with a sponta-
neous breaking of the time-reversal symmetry.
The emergence of this twisted superfluid phase was
first attributed to pair processes in an effective single-
component mean-field picture [19]. Subsequent theoret-
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FIG. 6. Twisted superfluid phase. (a) The complex phase of
the superfluid order parameter is twisting between neighbor-
ing sites leading to a reduced three-fold symmetry for the mo-
mentum distribution shown in the inset. For two components,
the opposite orientation of the complex order parameter (−θ
and θ) results in opposite triangular patterns in momentum
space. (b) Phase diagram for a two-component bosonic su-
perfluid in a state-dependent honeycomb lattice as a function
of the tunneling amplitude (J/U) and the energy offset be-
tween the sublattices A and B (/U). The twisted-superfluid
phase (TSF) is predicted only for small energy offsets, while
for larger energy offsets the superfluid phase is favoured. De-
pending on the offset, the insulating phases are Mott insula-
tors or density waves (DW).
ical two-component studies have found only real-valued
superfluids, but either discard correlations [25] or are re-
stricted to the standard Bose-Hubbard model dismiss-
ing pair-tunneling [26]. In Ref. [24], the emergence of
the twisted superfluid state was found to be induced by
pair tunneling and counter-hopping processes using an
extended Hubbard model and a correlated description.
In general, the twisted superfluid phase is found for both
single- and two-component systems.
Although the two-component twisted superfluid
emerges for relatively small pair-tunneling amplitudes,
these can only be achieved for scattering lengths several
times larger than the one of 87Rb [24]. In addition, state-
dependent lattices with a large energy offset between
the sublattices A and B disfavor the realization of the
twisted superfluid phase. The phase diagram reported in
Fig. 6(b) includes this energy offset , where  > 0 cor-
responds to the localization of both components on the
same sublattice (cf. Ref. [24]). For  = 0, a continuous
degeneracy is predicted between a pure twisted superfluid
and a pure spin-density wave, where density waves are
anti-aligned for both components [see Fig. 6(a)]. A nega-
6tive energy offset, for which the two components occupy
complementary sublattices, favors such a spin-density
wave and destabilizes the twisted superfluid phase. In
the opposite case  > 0, both components exhibit the
same density wave imprinted by the deeper sublattice A
and the twisted superfluid phase remains stable [compare
Fig. 6(a)].
In conclusion the twisted superfluid phase can arise
in one or two-component systems in presence of pair-
tunneling. Its characteristic signature is a symmetry
breaking in momentum space. However such a feature
can also be induced by scattering during time-of-flight as
described in section III. According to our detailed analy-
sis here and in Ref. [24], we now assume that the experi-
mental results reported in Ref. [19] are likely due to inter-
actions during the first milliseconds of the time-of-flight
expansion. As a central result however, it is possible to
evidence the twisted superfluid phase unambiguously by
removing one component prior to time-of-flight.
V. KAPITZA-DIRAC DIFFRACTION IN A
STATE-DEPENDENT HONEYCOMB LATTICE
In this section we discuss the Kapitza-Dirac diffraction
in a state-dependent honeycomb lattice, which induces a
similar symmetry breaking in momentum space as dis-
cussed before, in this case even for single component sys-
tems.
When atoms diffract in a standing light field, the
atomic momentum can be modified either by zero or two
photon momenta as a consequence of two-photon pro-
cesses (absorption and stimulated emission) [22]. Even
for far-detuned light, such scattering events might pop-
ulate higher momenta provided the interaction is suffi-
ciently short and strong.
The time evolution of the momenta population de-
pends in a striking manner on the hyperfine state of the
atoms: for magnetic quantum numbers different from
zero, the six fold symmetry of the diffraction pattern
breaks, whereas it remains preserved for mF = 0. Fig-
ure 7(a) shows atomic diffraction patterns obtained by
submitting the condensate prepared in the |1,−1〉 state
to the state-dependent honeycomb light field for two dif-
ferent pulse durations τ . The calculated momentum dis-
tribution shows an excellent agreement with the experi-
mental data [compare Fig. 7(b)]. For |1,−1〉 atoms, the
triangular contrast has been systematically measured for
pulse durations ranging from 50µs to 250µs and for dif-
ferent lattice depths V0 as reported in Figure 7(c). For
each lattice depth, the triangular contrast oscillates from
positive to negative values in a non-periodic manner.
This results from the interplay between diffraction in
the state-dependent and the state-independent poten-
tials, which have different depths. The experimental data
are perfectly reproduced by the numerical simulation of
the Schro¨dinger equation reported in Figure 7(d) (see Ap-
pendix C for more details).
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FIG. 7. Kapitza-Dirac diffraction. (a),(b) Measured and cal-
culated diffraction pattern obtained for |1,−1〉 atoms for two
pulse durations τ = 72µs and 122µs at a fixed lattice depth
V0 = 1.75ER. (c),(d) Measured and calculated triangular con-
trast of the momentum distribution for different pulse dura-
tion τ and lattice depth V0. Circles in (d) mark the positions
of the two examples shown in (a) and (b).
Indeed, during the interaction with the standing light
field, the condensate is subjected to the Hamiltonian:
Hˆ = − ~
2
2M
(∂2x + ∂
2
y) + Vtot(x, y). (2)
Extending the model adopted for one dimensional lat-
tices in [27], the condensate wave function can be ex-
panded in the basis of plane waves populated by diffrac-
tion ei2(nb1+mb2)z with n,m= 0,±1,±2... and b1, b2 the
two reciprocal lattice vectors (see Appendix C). The nu-
merical simulation of the time evolution of the different
momentum states shows an excellent agreement with the
measured oscillations of the triangular contrast for all
lattice depths as depicted in Figure 7(c).
In conclusion, Kapitza-Dirac diffraction in the state-
dependent honeycomb lattice also leads to a strong redis-
tribution of the atoms between different quasi-momenta
and induces a symmetry breaking in momentum space for
a condensate in hyperfine states with non-zero gFmF .
VI. CONCLUSION
The results presented in this paper show that the inter-
pretation of time-of-flight measurements as a mapping of
the momentum distribution has to be revised for multi-
component systems. In particular, scattering of quantum
gas mixtures in state-dependent lattices or superlattices
can alter the time-of-flight signal substantially. We also
demonstrate that an unambiguous identification of the
momentum distribution is experimentally possible by re-
7moving one component at the initial stage of the time-
of-flight expansion. Another possibility is to cancel the
inter-species interaction using Feshbach resonances.
Our findings are of central importance for the study of
the twisted superfluid phase, which is characterized by
a symmetry-broken momentum distribution. We assume
that the first observation of a symmetry breaking in the
time-of-flight distributions reported in Ref. [19] can be at-
tributed to interactions during the time-of-flight expan-
sion. Recent theoretical studies [24] demonstrate that for
larger interaction strengths, the twisted superfluid phase
can be realized in a mixture of non-magnetic hyperfine
states, for which the energy offset between the two sub-
lattices A and B vanishes.
The discussed matter-wave diffraction is not only a lim-
itation for quantum gas experiments relying on time-of-
flight information: it can indeed be used as an interfer-
ometric probe to reveal novel quantum phases, such as
supersolids. A symmetry breaking in momentum space
induced by matter-wave diffraction at the start of the
time-of-flight expansion could allow for the unambiguous
identification of a supersolid.
During the preparation of the manuscript we learned
from related work by the Berkeley group of Prof.
Stamper-Kurn [28].
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Appendix A: Experimental setup
In the studies presented here, we work with 87Rb atoms
in different hyperfine states |F,mF 〉. Radio-frequency
and micro-wave couplings of the two hyperfine manifolds
F = 1,2 allow for the preparation of arbitrary mixtures
in the dipole trap.
The state-dependent honeycomb lattice is generated
by three linearly polarized laser beams that intersect in
the xy-plane under angles of 120◦ with the polarization
of each laser beam lying in the intersection plane. The
quantization axis is defined by a homogeneous magnetic
field along the z axis. The alternating circular polar-
ization pattern gives rise to a state-dependent honey-
comb potential, which can be written as a sum of a
state-independent and a state-dependent part: V (r) =
−V0[Vint(r) + Vpol(r)].
The state-independent part of the potential reads
Vint(r) = 6− 2
∑
i
cos(bir), (A1)
where each two reciprocal lattice vectors bi = εijk(kj −
kk), given by the corresponding wave vectors of the laser
beams k1 = 2pi(0, 1, 0)/λL, k2/3 = pi(±
√
3,−1, 0)/λL,
span the reciprocal Bravais lattice.
For the quantization axis pointing along the z-axis, the
state-dependent part of the potential reads
Vpol(r) =
√
3(−1)FmF η
∑
i
sin(bir), (A2)
where the relative strength of the state-dependent poten-
tial is given by the proportionality factor η = 0.13 that
is determined by the detuning of the lattice light with
respect to the atomic transitions. The sign change of
the Lande´ factor in the ground-state manifold of 87Rb is
incorporated in Eq. (A2) by the prefactor (−1)F .
Appendix B: Numerical simulation of the
interaction-induced dynamics in time-of-flight
In the following we describe the numerical simulations
of the scattering during time-of-flight. We perform time
evolution of the Gross-Pitaevskii equation in order to in-
clude and evaluate interaction effects during the first mil-
liseconds of time-of-flight.
Our numerical simulation is similar to the calculations
in [21]. The authors of [21] prepare their initial state
via a Kapitza-Dirac pulse of a one-dimensional lattice.
In our setting, the initial state is three-dimensional and
features a significant density modulation due to the state-
dependent honeycomb optical lattice. Furthermore, we
find that the density distribution differs strongly from a
Thomas-Fermi profile after time-of-flight, which in turn
affects the time evolution. We therefore need to employ
a spatially resolved three-dimensional wave function.
The Gross-Pitaevskii equation for the wave function
Ψ(α)(x, t) of atomic species α during time-of-flight reads
i~∂tΨ(α)(x, t) = Hˆ(t)Ψ(α)(x, t),with
Hˆ(t) = − ~
2
2M
∇2 +
∑
β
g|Ψ(β)(x, t)|2, (B1)
where g = 4pi~2as/M is the interaction strength. The
s-wave scattering length as ≈ 100a0 is approximated to
be spin-independent. We expand the state Ψ(α) in spa-
tially resolved wave functions φn,m(x, t) with momentum
kn,m = nb1 +mb2
Ψ(α)(x, t) =
∑
n,m
φ(α)n,m(x−
~kn,m
M
t, t) eikn,mx. (B2)
We restrict the expansion to momenta |kn,m| ≤ |bi|,
since states with larger momenta show negligible occu-
pancy. We find a spatial resolution of (∆x,∆y,∆z) =
(x0, y0, z0)/10 to be sufficient, as the wave functions φn,m
only vary slowly.
8The initial density distribution is assumed to be a
Thomas-Fermi profile, i.e.,
φ(α)n,m(t = 0) = c
(α)
n,m
√
1− x2/x20 − y2/y20 − z2/z20 . (B3)
The coefficients c
(α)
n,m are given by the lowest-band Bloch
function at zero momentum, i.e., the solution of a single-
particle in an infinite state-dependent honeycomb poten-
tial. The extend r0 = (x0, y0, z0) of the atomic cloud
depends on the trap frequencies and the total particle
number N .
The time evolution is given by
φ(α)n,m(x, t+ ∆t) =
(
1− i~|kn,m|
2
2M
∆t
)
φ(α)n,m(x, t)
+ g
∑
β,n′,m′
n′′,m′′
φ
(β)∗
n′,m′(x, t)φ
(β)
n′′,m′′(x, t)φ
(α)
∆n,∆m(x, t),
(B4)
where ∆n = n+n′−n′′ and ∆m = m+m′−m′′, due to
momentum conservation. The approximation here is that
the second derivative of the slowly varying envelope wave
functions is negligible and we can assume ∇2φ(α)n,m = 0.
For sufficiently small time steps ∆t, the resulting time
evolution becomes exact. We find the results to converge
for time steps of ∆t = 0.01µs.
The interaction-induced coupling between the momen-
tum states decays in time as the respective atomic clouds
separate spatially. After a separation time of tsep =
2 max(x0, y0)/(~|bi|/M) there is no overlap between the
clouds anymore. On this timescale, the relative hydrody-
namic expansion max(xt/x0, yt/y0, zt/z0) of the atomic
cloud is on the order of 10−3 and therefore negligible.
Appendix C: Numerical simulations for the
Kapitza-Dirac diffraction
For the numerical simulations of the Kapitza-Dirac ex-
periment shown in Figure 7 we perform exact time evo-
lution of a single particle in the state-dependent optical
potential. For simplicity, we assume the system to be in-
finitely large and expand the wave function and potential
in terms of plane waves with reciprocal lattice vectors b1
and b2
Ψ(t) =
∑
n,m
cn,m(t)e
i(nb1+mb2)x,
V =
∑
n,m
dn,me
i(nb1+mb2)x,
(C1)
with expansion coefficients cn,m and dn,m, respectively.
The Hamiltonian Hˆ = − ~22M∇2 + V can be diagonalized
exactly with cutoffs in n and m. We find plane waves
with a momentum |k| ≤ 5|bi| to be sufficient for all lattice
depths. We assume the initial state to solely occupy zero
momentum cn,m(0) = δn,0δm,0.
We use the comparison of the experimental data of the
triangular contrast with the theory (Fig. 7) to calibrate
the lattice potential depth and a time offset toffset of the
pulse length. For the latter, we shift the time axis by
toffset and find the optimal value for which the deviation
between the images is minimal. The obtained correction
toffset = 7.3µs compensates for small uncertainties in
the experimental procedure.
[1] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
[2] M. Lewenstein, A. Sanpera, and V. Ahufinger,
Ultracold Atoms in Optical Lattices (Oxford University
Press, 2012).
[3] G. Grynberg, B. Lounis, P. Verkerk, J. Y. Courtois, and
C. Salomon, Phys. Rev. Lett. 70, 2249 (1993).
[4] C. Becker, P. Soltan-Panahi, J. Kronja¨ger, S. Do¨rscher,
K. Bongs, and K. Sengstock, New J. Phys. 12, 065025
(2010).
[5] P. Soltan-Panahi, J. Struck, P. Hauke, A. Bick,
W. Plenkers, G. Meineke, C. Becker, P. Windpassinger,
M. Lewenstein, and K. Sengstock, Nature Phys. 7, 434
(2011).
[6] L. Tarruell, D. Greif, T. Uehlinger, G. Jotzu, and
T. Esslinger, Nature 483, 302 (2012).
[7] G.-B. Jo, J. Guzman, C. K. Thomas, P. Hosur, A. Vish-
wanath, and D. M. Stamper-Kurn, Phys. Rev. Lett. 108,
045305 (2012).
[8] O. Mandel, M. Greiner, A. Widera, T. Rom, T. Ha¨nsch,
and I. Bloch, Nature 425, 937 (2003).
[9] M. Karski, L. Frster, J.-M. Choi, A. Steffen, W. Alt,
D. Meschede, and A. Widera, Science 325, 174 (2009).
[10] P. J. Lee, M. Anderlini, B. L. Brown, J. Sebby-Strabley,
W. D. Phillips, and J. V. Porto, Phys. Rev. Lett. 99,
020402 (2007).
[11] D. McKay and B. DeMarco, New J. Phys. 12, 055013
(2010).
[12] W. Bakr, J. Gillen, A. Peng, S. Fo¨lling, and M. Greiner,
Nature 462, 74 (2009).
[13] J. Sherson, C. Weitenberg, M. Endres, M. Cheneau,
I. Bloch, and S. Kuhr, Nature 467, 68 (2010).
[14] E. Haller, J. Hudson, A. Kelly, D. A. Cotta, B. Peaude-
cerf, G. D. Bruce, and S. Kuhr, Nature Physics 11, 738
(2015).
[15] L. W. Cheuk, M. A. Nichols, M. Okan, T. Gersdorf, V. V.
Ramasesh, W. S. Bakr, T. Lompe, and M. W. Zwierlein,
Phys. Rev. Lett. 114, 193001 (2015).
[16] M. F. Parsons, F. Huber, A. Mazurenko, C. S.
Chiu, W. Setiawan, K. Wooley-Brown, S. Blatt, and
M. Greiner, Phys. Rev. Lett. 114, 213002 (2015).
[17] M. Greiner, I. Bloch, O. Mandel, T. Ha¨nsch, and
T. Esslinger, Phys. Rev. Lett. 87, 160405 (2001).
[18] P. Pedri, L. Pitaevskii, and S. Stringari, Phys. Rev. Lett.
987, 220401 (2001).
[19] P. Soltan-Panahi, D.-S. Lu¨hmann, J. Struck, P. Wind-
passinger, and K. Sengstock, Nature Phys. 8, 71 (2011).
[20] F. Gerbier, S. Trotzky, S. Fo¨lling, U. Schnorrberger,
J. Thompson, A. Widera, I. Bloch, L. Pollet, M. Troyer,
B. Capogrosso-Sansone, N. von Prokof’ev, and B. von
Svistunov, Phys. Rev. Lett. 101, 155303 (2008).
[21] D. Pertot, B. Gadway, and D. Schneble, Phys. Rev. Lett.
104, 200402 (2010).
[22] P. L. Gould, G. A. Ruff, and D. E. Pritchard, Phys. Rev.
Lett. 56, 827 (1986).
[23] D.-S. Lu¨hmann, O. Ju¨rgensen, M. Weinberg, J. Simonet,
P. Soltan-Panahi, and K. Sengstock, Phys. Rev. A 90,
013614 (2014).
[24] O. Ju¨gensen, K. Sengstock, and D.-S. Lu¨hmann, Sci.
Rep. 5, 12912 (2015).
[25] S. Choudhury and E. J. Mueller, Physical Review A 87,
033621 (2013).
[26] L. Cao, S. Kro¨nke, J. Stockhofe, J. Simonet, K. Seng-
stock, D.-S. Lu¨hmann, and P. Schmelcher, Phys. Rev. A
91, 043639 (2015).
[27] B. Gadway, D. Pertot, R. Reimann, M. G. Cohen, and
D. Schneble, Opt. Express 17, 19173 (2009).
[28] D. M. Stamper-Kurn, personal communication.
